Introduction
============

About 35 y ago it has been proposed that archaea form a third domain of life, phylogenetically separated from the bacteria and eukaryotes.[@R1] This proposal was based on partial 16S/18S rRNA sequences of very few methanogenic archaea, bacteria, and lower eukaryotes, but has been proven to be true after the analysis of thousands additional species and sequencing of hundreds of archaeal and bacterial genomes.[@R2]^-^[@R4] Like bacteria, archaea do not contain a nucleus and are thus prokaryotes. In addition, archaea and bacteria share a much higher metabolic diversity compared with eukaryotes, including a large variety of anaerobic energy yielding pathways. On the other hand, archaea and eukaryotes share homologous proteins in many central biological processes to the exclusion of the bacteria, including DNA packaging, replication, transcription, translation, and cell cycle. Given this dichotomy, we find it attractive to compare the results obtained about small sRNAs in archaea with the knowledge on sRNAs in bacteria and eukaryotes.

The sRNAs are universally distributed in all three domains of life: archaea, bacteria, and eukaryotes. In 1984, the first sRNA was identified in the genome of *Escherichia coli*,[@R5] but it was long thought to be exceptional. However, in recent years it became clear that bacteria typically contain 200--400 sRNAs that can target more than 1000 mRNAs. Typically, bacterial sRNAs are 50--300 nucleotides in length and fulfill numerous important regulatory functions, including stress response, and regulation of virulence genes, carbon source uptake, and metabolism (for reviews see refs. [@R6]--[@R10]). Bacterial sRNAs are often encoded in intergenic regions in trans to their target genes and typically function by imperfect base-pairing interactions with their target mRNAs near the ribosomal binding site (RBS). This interaction can repress translation by masking the RBS or can induce translation by making the RBS accessible. Also, additional molecular mechanisms of sRNA functions in bacteria have been described, including destabilization or stabilization of the target mRNAs or the action via specific binding to a protein. Another class of sRNAs are antisense sRNAs (asRNAs), which are encoded in cis on the opposite strand of their target gene, and thus, have full complementarity to their target mRNA. The fraction of genes regulated by asRNAs varies widely in different bacterial species and can be higher than 40%.[@R11]

It has been suggested that bacterial sRNAs are responsible for fine-tuning of gene regulation due to the fact that sRNA gene deletion mutants often have no obvious phenotype compared with the parent strain or the phenotype is very mild (reviewed in refs. [@R8] and [@R12]). Many sRNAs in gram-negative bacteria need the Hfq protein for function, which is required for target mRNA recognition and complex formation (reviewed in ref. [@R13]).

The best-studied eukaryotic sRNAs are microRNAs (miRNAs), small interfering RNAs (siRNAs), and piwi-associated RNAs (piRNAs), which are approximately 20--30 nt in length and are thus much smaller than bacterial sRNAs. Currently, it is thought that in higher eukaryotes, e.g., humans, more than half of all mRNAs is regulated by these sRNAs in their translation and/or stability.[@R14] In animals, miRNAs typically repress translation of their target mRNAs via imperfect base pairing between miRNAs and the 3′-UTRs. In eukaryotes, the lack of a miRNA often leads to severe phenotypic defects. In humans, miRNA dysfunction or deficiency is associated with a variety of diseases, developmental defects, and cancer formation (reviewed in refs. [@R15]--[@R18]). A second class of eukaryotic sRNAs, siRNAs, is often processed from exogenous RNAs that enter the cell. Typically, siRNAs bind to the 3′-UTRs of target mRNAs, have the ability to form perfect hybrids, and binding results in degradation of the target mRNA. Thus, siRNAs are thought to have evolved as a defense system against RNA viruses (reviewed in refs. [@R19] and [@R20]). The piwi-interacting RNAs (piRNAs) form complexes with Piwi proteins and are involved in the silencing of transposons during spermatogenesis (reviewed in ref. [@R21]). A different class of eukaryotic sRNAs, the tRNA-derived fragments (tRFs), is generated via the processing of mature tRNAs or precursor tRNAs. Recently, it became clear that tRFs are not only degradation intermediates, but can have important regulatory functions (reviewed in ref. [@R22]). An additional class of eukaryotic sRNAs comprises small nucleolar RNAs (snoRNAs), which are localized in the nucleolus and guide site-specific modifications of the rRNAs. Based on specific sequence motifs, they are divided into the two groups of C/D box and H/ACA box snoRNAs (for detailed reviews, see refs. [@R23]--[@R25]).

Surprisingly, the first sRNAs identified in archaea were C/D box snoRNAs, which had not been expected in a prokaryote lacking a nucleolus. Based on the conserved function, these sRNAs are also called small "nucleolar" RNAs in archaea. C/D box snoRNAs guide ribose methylation at specific sites of the rRNAs. They were first predicted to exist in three *Pyrococcus* species, and subsequently, experimentally verified in *Sulfolobus acidocaldarius* (reviewed in refs. [@R23] and [@R26]). Furthermore, H/ACA box snoRNAs have been identified in archaea. H/ACA box snoRNAs guide the conversion of uridine to pseudouridine at specific sites of the rRNA. Both types of snoRNAs are associated with at least four protein molecules in nucleolar ribonucleoprotein (snoRNP) complexes, which recognize target sites and catalyze the modification reaction. The protein content of the two snoRNP complexes differs (reviewed in ref. [@R27]). One important C/D box snoRNA-associated protein is fibrillarin. Fibrillarin functions as a methyltransferase and the structures of several archaeal fibrillarins have been determined.[@R28]^-^[@R30] The conserved presence and function of snoRNAs in archaea and eukaryotes substantiates that they are of ancient evolutionary origin. However, archaeal snoRNAs are not in the major focus of this article and we would like to refer to several recent reviews about archaeal snoRNAs and possible scenarios of snoRNA evolution.[@R24]^,^[@R31]^,^[@R32]

Subsequent to snoRNAs, additional groups of sRNAs have been identified in archaea, i.e., regulatory cis- and trans-encoded sRNAs, tRNA-derived fragments, and CRISPR RNAs (crRNAs). This review will focus mainly on regulatory cis- and trans-encoded sRNAs and summarizes the current knowledge of their identification, their participation in various biological processes, their interaction partners, and molecular mechanisms of action. At the end we will give an outlook on current technical challenges and foreseeable future trends.

Identification of sRNAs in Archaea
==================================

Shortly after the identification of snoRNAs in archaea, a new class of sRNAs was identified in several species using experimental and bioinformatic approaches. About 10 y ago, bioinformatic approaches led to the identification of sRNA genes in the genomes of *Methanocaldococcus janaschii* and *Pyrococcus furiosus*.[@R33]^-^[@R35] These approaches predicted 18 putative sRNA genes in *M. jannaschii* and five sRNA genes in *P. furiosus*, in addition to the previously known snoRNAs. At the same time, small scale experimental RNomics approaches led to the identification of sRNAs in the euryarchaeon *Archaeoglobus fulgidus*,[@R36] and later in *Sulfolobus solfataricus*[@R37] and in *Haloferax volcanii*.[@R38] While these initial approaches verified the existence of sRNAs in several archaeal species, in recent years it became clear that the number of sRNAs is much higher than anticipated in the beginning.

Whole genome transcriptome analysis via high-throughput sequencing of cDNA libraries, called RNA-Seq, became available a few years ago and enabled the qualitative analysis of the RNA inventory of species as well as the quantitative analysis of differential transcript levels under various conditions.[@R39]^,^[@R40]

The first RNA-Seq study with an archaeal species was performed for *Methanosarcina mazei* Gö1 under different nitrogen availabilities, leading to the identification of 242 intergenic and antisense sRNA, including six cis-antisense sRNAs overlapping with transposase genes and 40 sRNA candidates containing very short ORFs potentially encoding peptides smaller than 30 amino acids.[@R41] The transcriptome of *H. volcanii* was characterized in exponentially growing and in stationary phase cultures grown under optimal conditions as well as, respectively, under reduced salt concentration and elevated temperature using a multiplexing RNA-Seq approach.[@R42] One hundred and forty-five intergenic sRNAs and 45 antisense sRNAs were identified and it was revealed that the levels of many sRNAs differed depending on growth phase and/or external conditions. Sense sRNAs were also observed, but not further characterized, because they might correspond to degradation intermediates of full-length transcripts. Notably, also tRNA-derived fragments were observed, an indication that they might play regulatory roles, similar to their function in eukaryotes. The 190 intergenic and antisense sRNAs included all sRNAs identified in a previous small scale RNomics study,[@R38] but not all sRNAs that had been predicted using genome comparisons in silico.[@R43] Thus, it is very likely that not all sRNA genes were expressed under the three tested conditions and the actual number is higher than the 190 sRNAs observed in this RNA-Seq study.

A RNA-Seq study was also performed with four *Pyrobaculum* species, i.e., *P. aerophilum*, *P. arsenaticum*, *P. calidifontis*, and *P. islandicum*.[@R44] However, this study focused on the characterization of snoRNAs and CRISPR-derived crRNAs. In all four species approx. 85 C/D box snoRNAs and 10 H/ACA snoRNAs were identified.

Using a combination of experimental and in silico approaches, small RNAs were also detected in *Pyrococcus abyssi*.[@R45] Recently, the non-coding transcriptome of this hyperthermophilic archaeon was additionally analyzed by RNA-Seq, surprisingly demonstrating that several highly expressed or highly conserved sRNAs are AU-rich, suggesting RNA functions that do not require extensive secondary structure in the high-temperature environment of *P. abyssi*.[@R46]

Record numbers of 126 C/D box snoRNAs could be identified in the sRNA profile of the hyperthemophilic *Methanopyrus kandleri*.[@R47] The high amount of these RNA species appears to correlate with the increased growth temperature of up to 110 °C, which would necessitate 2-*O*-methylation for the stabilization of rRNA folding.

In the subdomain of Crenarchaeota, two RNA-Seq studies have been performed with the species *Sulfolobus solfataricus*. The first study led to the identification of more than 300 sRNAs, including 13 snoRNAs, 18 crRNAs, and 28 *cis*-antisense sRNAs overlapping with transposase genes.[@R48] Notably, the highest fraction was comprised of antisense sRNAs with 185 members, which exceed the fraction of intergenic sRNAs (125 members) by far, in contrast to the euryarchaeal species discussed above. The sRNAs identifed with the RNA-Seq approach included all sRNAs that had been identified earlier using small scale RNomics.[@R36]^,^[@R49] As the genome of *S. solfataricus* is 2.99 Mbp and encodes less than 3000 protein-encoding genes, the fraction of sRNA genes is about 10% and higher than that in the euryarchaeal species characterized thus far. Recently, another RNA-Seq study concentrated on the identification of very small sRNAs in *S. solfataricus*.[@R50] Total RNA was size-fractionated and RNA from about 18--30 nt was analyzed. A large number of sRNAs around 20 nt was found, verifying that very small sRNAs exist in Archaea.

Only few members of the phylum Nanoarchaeota have been identified, with *Nanoarchaeum equitans* being the single cultured organism.[@R51]^,^[@R52] *N. equitans* contains a minimal and highly compacted genome and its RNA production relies on the import of nucleotides from an associated archaeon, *Ignicoccus hospitalis*. Small RNA profiling via RNA-Seq methodology was applied to identify sRNA molecules that are produced under these constraints.[@R53] It was shown that C/D box snoRNAs and CRISPR RNAs are abundant in the cell, which underlines the importance of small RNA-guided RNA modification and viral defense mechanisms. In addition, several novel sense and antisense sRNAs were identified that could fulfil regulatory functions in the cell.

Until now, no sRNA investigation studies have been performed in species belonging to the kingdoms of Korarchaeota and Thaumarchaeota. Nevertheless, the occurrence of sRNAs in all species from the kingdoms Euryarchaeota, Crenarchaeota, and Nanoarchaeota that have been studied thus far underscores the wide-spread or even universal occurrence of sRNAs in archaea. [Table 1](#T1){ref-type="table"} gives an overview of the results discussed above and lists several subclasses of sRNAs that have been experimentally verified by RNomics or RNA-Seq approaches.

###### **Table 1.** Trans-encoded intergenic sRNAs, cis-encoded antisense sRNAs (asRNAs), and tRNA-derived fragments (tRFs) experimentally identified in various archaea using RNA-Seq approaches

  Number of genes for                                                             
  -------------------------- ---------------------- -------------- -------------- ---------------
                             **Intergenic sRNAs**   **asRNAs**     **tRFs**       **Reference**
  **Euryarchaeota**                                                                
  *M. mazei*                 199                    43             n.d.           41
  *H. volcanii*              145                    45             11             42
  *P. abyssei*               107                    215            n.d.^\*1^      46
  **Crenarchaeota**                                                                
  *S. solfataricus*          43                     185            n.d.           48
  *Pyrobaculum*(4 species)   present^\*2^           present^\*2^   present^\*2^   44
  **Nanoarchaeota**                                                                
  *N. equitans*              present^\*2^           present^\*2^   present^\*2^   53

^\*1^Not detectable due to the method of library construction. ^\*2^Number of genes not included in the publication

It should be noted that most archaeal sRNAs are not well conserved; many sRNA genes are not even shared by species of the same genus. For example, only very few sRNAs that have been found in *H. volcanii* are also present in *Haloferax mediteranii*.[@R54] In *M. mazei*, the majority of sRNAs genes are conserved in other species of methanogenic archaeea, but are not found outside of the methanogens.[@R41] However, this observation is not confined to archaea, but similar findings have been reported for bacterial sRNA genes. For example, more than 90% of the 500 sRNAs identified in *Pseudomonas aeruginosa* have no homolog in any other bacterial species.[@R55] In *Salmonella*, sRNAs were identified, which are not existent in *E. coli*.[@R56] In addition, "highly conserved" sRNAs are typically confined to one taxonomic group, e.g., highly conserved cyanobacterial sRNAs are not found outside of the cyanobacteria.[@R57] Therefore, it seems that in prokaryotes, both archaea and bacteria, the pace of evolution is much higher for sRNA genes than for protein-encoding genes. An interesting but as-yet-unresolved question is whether the species-specific sRNA genes were generated de novo during species evolution or whether the mutation rates of preexisting sRNA genes were so high that the similarity of homologous genes in different species has dropped below recognizable limits.

In Vivo Functions of sRNAs in Archaea
=====================================

Although sRNAs have been identified in a variety of archaeal species, detailed analyses of the biological functions in vivo have until now only been performed with two species, *M. mazei* Gö1 and *H. volcanii*. In both species differential sRNA levels have been quantified using northern blot, DNA microarray, and RNA-Seq analyses, and mutants have been generated and characterized.

The methanogenic archaeon *M. mazei* is able to fix molecular nitrogen under conditions of nitrogen limitation and is genetically tractable, thus has been used for many years as a model to study nitrogen-dependent gene regulation in archaea.[@R58]^-^[@R62] The recent discovery of regulatory sRNAs and their predicted role in nitrogen-dependent differential gene expression add another layer of regulation in addition to the well-studied transcriptional regulation.[@R41] RNA-Seq analysis revealed that *M. mazei* contains nearly 250 sRNAs, 40 of which with coding capacity that might be oligopeptide-encoding mRNAs or dual function sRNAs.[@R41] One hundred and thirty-five sRNAs were found to have differential levels in response to nitrogen availability, 36 were solely detected during nitrogen abundance, and 99 under nitrogen limitation. For several sRNAs, differential levels in response to the nitrogen availability were verified by northern blot analyses. Notably, in several cases, conserved motifs could be identified in the promoters of nitrogen-regulated sRNAs, indicating a network of coordinated transcriptional regulation.

One example, sRNA~154~, was further functionally characterized by a genetic approach.[@R63] sRNA~154~ was found to be exclusively present under nitrogen-limiting conditions and has been shown to be under strict transcriptional control of the general nitrogen regulatory protein NrpR, indicating that it is relevant under nitrogen-fixating conditions. A deletion mutant of the sRNA~154~ gene had a severe growth defect under nitrogen-limiting conditions. However, under nitrogen sufficiency, it grew indistinguishable from the parent strain, emphasizing a crucial role of sRNA~154~ for nitrogen fixation.[@R63] An in-depth characterization of a further sRNA, which led to the discovery of a first archaeal target mRNA, is discussed in the next chapter.

Differential sRNA levels under various conditions have also been analyzed in the halophilic archaeon *H. volcanii*, which has an optimal salt concentration of 2.1 M NaCl. For example, northern blot analyses revealed that sRNA~194~ is highly expressed during exponential phase, but absent or barely detectable in stationary phase cells.[@R38] A 6-fold multiplexed RNA-Seq analysis yielded a genome-wide overview of sRNA levels in cultures grown under three different conditions to exponential phase and to stationary phase, respectively.[@R42] The largest difference was found between optimal salt concentration and reduced salt concentration, 24 sRNAs had higher levels at the optimal salt concentration, while 19 sRNAs had higher levels at the reduced salt concentration. The six highest sRNA levels were found in cells grown at the reduced salt concentration, indicating that sRNAs have important regulatory functions for osmotic adaptation in *H. volcanii*.

For *H. volcanii*, a very efficient genetic system has been established and optimized.[@R64]^-^[@R66] Generation of two deletion mutants revealed that phenotypic comparison of mutants and parent strain is an effective approach to unravel the biological roles of sRNAs in haloarchaea, deletion mutant of sRNA~30~ could not grow at 51 °C, in contrast to the parent strain, while deletion mutant of sRNA~63~ had a severe growth defect at low salt concentrations.[@R38] Recently, growth of *H. volcanii* in microtiter plates was established, enabling the parallel comparison of growth parameters of many cultures.[@R67] The efficient genetic system and the possibility of massive parallel cultivation together enabled the generation of a set of 27 deletion mutants of sRNA genes and their phenotyping under 11 different growth or stress conditions. In addition, cell morphology was checked and swarming was analyzed.[@R54] Interestingly, 24 of the 27 sRNA gene deletion mutants exhibited a phenotype under at least one of the tested conditions, unraveling the broad importance of sRNAs in haloarchaea for many biological functions. They are involved in metabolic regulation, adaptation to extremes of temperature and osmolarity, stress response, growth phase adaptation, and even regulation of cellular morphology and behavior. Notably, seven of the 27 deletion mutants showed a gain-of-function phenotype, e.g., a shorter lag phase, a faster growth rate, a higher growth yield, or faster swarming than the parent strain. It is known that depletion of miRNAs in higher eukaryotes can result in a gain-of-function.[@R68]^-^[@R70] Thus, it appears that in archaea and eukaryotes evolution of sRNAs did not result in the highest possible function of a single biological process, but in optimized flexibility and stability of the regulatory network.

Loss of sRNA function can also lead to a severe loss of function, both in archaea (see above) and in eukaryotes. For example, mutations in miRNA genes in *C. elegans* can impair developmental timing in larvae.[@R71]^,^[@R72] In humans, miRNA dysfunction or deficiency induces strong disease patterns, cancer (reviewed in ref. [@R73]), multiple sclerosis,[@R74] Parkinson disease,[@R75] or Alzheimers disease.[@R76] In contrast, sRNA gene deletion mutants in bacteria often lack a detectable phenotypic difference to the parent strain or have only a very mild phenotype; therefore, it has sometimes been proposed that the major role of bacterial sRNAs is the "fine-tuning of gene expression."[@R77]

Targets of Archaeal sRNAs
=========================

In bacteria, sRNAs typically interact with their target mRNAs near the 5′-end, often masking the ribosome binding site (RBS) or leading to an unfolding of the mRNA that makes the RBS accessible for ribosomes.[@R78]^,^[@R79] In eukaryotes, mi/si/piRNAs typically bind to the 3′-UTRs of their target mRNAs, leading to translational inhibition and/or degradation of the mRNAs (reviewed in ref. [@R80]). In both domains, a number of computational approaches have been established that allow a genome-wide in silico search for putative targets of a specific sRNA.[@R81]^-^[@R83] However, these programs designed for and trained with bacterial and eukaryotic sRNAs, respectively, cannot necessarily be used for a genome-wide bioinformatic prediction of targets of archaeal sRNAs without specific adaptations. Early attempts to apply prediction programs for bacterial sRNA targets failed for archaeal sRNAs, indicating that the principles of interactions between sRNAs and target mRNAs might be different in archaea and bacteria. Thus, experimental approaches appear to be crucial to identify target mRNAs for archaeal sRNAs, subsequently verified targets could be used to guide bioinformatic predictions. Very recently, the group of Rolf Backofen optimized the target prediction program IntaRNA[@R84] and integrated comparative genomics into the prediction pipeline,[@R85] (see also contribution in this volume by Backofen, et al.) which was successfully used in combination with an experimental approach for the identification of the first target of an archaeal sRNA.[@R86] This first target for an archaeal sRNA was identified in *M. mazei* combining genetic approaches, genome-wide transcriptome analysis of sRNA mutants, and computational target predictions using the tool IntaRNA.[@R84]^,^[@R86]^,^[@R87] The bicistronic mRNA (MM2441-MM2442) was identified as the trans-encoded target mRNA of the respective sRNA (sRNA~162~). The predicted target interaction between the non-structured single-stranded linker region of sRNA~162~ and its target results in masking the RBS of MM2441 by base-pairing as well as the translational start codon, leading to a dis-coordinated expression of the bicistronic mRNA, and thus, to a depletion of the transcriptional regulator MM2441. The predicted interaction between sRNA~162~ and the RBS of MM2441 was verified in vitro (by EMSA) and in vivo (by ectopic expression of sRNA~162~ and various mutants). Further studies strongly indicated the involvement of sRNA~162~ in the expression regulation of soluble methyltransferases---most likely due to translation inhibition of the transcriptional regulator MM244---following the metabolic switch between growth on methanol vs. methylamine. Notably, it was also obtained that sRNA~162~ overlaps the 5UTR of the MM2442 transcript, and thus, is a also acting as a cis-encoded antisense RNA, in addition to regulating MM2441 expression as a trans-encoded sRNA (compare [Fig. 1](#F1){ref-type="fig"}). Besides the recent report on an asRNA acting in trans in *Staphylococcus aureus*,[@R88] an sRNA acting as an antisense RNA on cis-encoded as well as on trans-encoded mRNAs most likely via two distinct domains has not been shown in prokaryotes so far. Thus, the methanoarchaeal sRNA~162~ is the prototype of a novel class of "dual-mechanistic" sRNAs, which has the ability to act simultaneously in cis and in trans. The interaction of sRNA~162~ with the 5′-region of at least two genes, overlapping the RBS, resembles the molecular mechanism of typical bacterial sRNAs. Transcripts of methanoarchaea usually have long 5′-UTRs, thus interactions between sRNAs and 5′-UTRs are very likely. Further studies are required to unravel whether it is indeed typical for the action of methanoarchaeal sRNAs.

![**Figure 1.** Modes of interactions between archaeal sRNAs and target mRNAs characterized until now. (**A**) A novel mode of interaction of a sRNA that acts as a cis-encoded antisense sRNA as well as a trans-encoded sRNA, in both cases interacting with the 5′-region of the target mRNA. (**B**) sRNAs that interact with the 3′-UTRs of target mRNAs in several species of archaea, both of leadered and of leaderless transcripts.](rna-11-484-g1){#F1}

In contrast to Methanoarchaea, various archaeal species exist in which most or all transcripts do not contain 5′-UTRs, e.g., *Pyrobaculum aerophilum*,[@R89] *Sulfolobus solfataricus*,[@R48] *Halobacterium salinarum*, and *H. volcanii*.[@R90] If differential regulation of translational efficiencies and/or stabilities of these leaderless transcripts would occur, respective motifs must be localized either in within the ORF or in the 3′-UTR. Genome-wide analyses of translational regulation (translatome analyses) in *H. salinarum* and *H. volcanii* revealed that translational regulation is not seldom in these two species. In fact 20% and 10%, respectively, of all transcripts have growth phase-specific differential translational efficienies.[@R91] Further studies showed that 5′-UTRs and 3′-UTRs are sufficient to transfer translational regulation to a reporter transcript, and that the direction of translational regulation (up- or downregulation) is encoded in the 3′-UTR.[@R92] To our knowledge, this was the first report that 3′-UTRs are involved in translational regulation in a prokaryotic species. However, it remained unclear whether sRNAs were involved in these examples. Recently, the transcriptomes of seven sRNA gene deletion mutants were compared with that of the parent strain with the aim to identify putative sRNA targets experimentally (Jaschinski, Babski, and Soppa, unpublished results). In each case, several or many genes differed in their transcript levels between mutant and parent strain. The numbers of transcripts with differential levels ranged from less than 10 to about 100, indicating that the regulatory role of haloarchaeal sRNAs can be very specific or rather broad, depending on the identity of the sRNA. Bioinformatic comparisons of the sequences of sRNAs and putative target mRNAs led to the discovery of several examples of putative interactions between sRNAs and the 3′-UTRs of mRNAs. Currently, experimental approaches to analyze whether these interactions occur and are relevant in vivo are under way, e.g., several UTRs of several transcripts have been transferred to a reporter transcript, and quantification of translational efficiencies in sRNA deletion mutants vs. parent strain indicate that the interaction between sRNA and the 3′-UTR can indeed guide translational efficiency (Jaschinski, Höfle, and Soppa, unpublished results).

Additional implication for an archaeal sRNA targeting a 3′UTR has been obtained from a recent comparative RNA sequencing approach studying four *Pyrobaculum* strains.[@R93] Here, a 65 nucleotid-long antisense transcript, asR3, has been identified that is conserved in *Pyrobaculum* and binds to the 3′-end of the *tpi* gene (encoding triose-phosphate-isomerase), either overlapping the stop codon or binding to the 3′-UTR. Furthermore, a conserved structural element located close to the stop codon has been recognized in the 3′-region of the *tpi* gene (designated tpi element). Binding of asR3 to the *tpi* mRNA might be able to compete against the formation of the intramolecular *tpi* element structure, and consequently, might modulate the function of the highly conserved tpi element.

Recently, an interaction between a sRNA and the 3′-UTR of a target mRNA was reported for *S. solfataricus*.[@R94] The sRNA~257(1)~ was regulated in a phosphate-dependent manner and had a high level during phosphate sufficiency and a low level during phosphate starvation. The transcript of the gene Sso1183 was found to be inversely regulated in response to changing phosphate concentrations. A sequence comparison in silico revealed a very long stretch of high complementarity of about 60 nt between the sRNA and the 3′-UTR of the mRNA. The 3′-UTR and a mutated version of the 3′-UTR (with highly reduced complementarity) were fused to the reporter transcript *lacS*, and the transcript levels of the sRNA~257(1)~ and the mRNA of the *lacS* variants were quantified in cultures grown in the presence and absence of phosphate. It could indeed be shown that the level of lacS containing the 3′-UTR of Sso1183 was inversely regulated to the sRNA level, in contrast to two lacS controls lacking a 3′-UTR or containing a 3′-UTR of an unrelated gene. Thus, first examples are accumulating that archaeal sRNAs can execute their regulatory role via interaction with the 3′-UTRs of target genes.

In summary, experimental approaches have led to the identification of first target mRNAs in three species of archaea. Already, these first examples reveal that the molecular mode of action of archaeal sRNAs is not universal in this domain of life and that the characterization of archaeal sRNAs leads to the identification of molecular mechanisms of sRNAs that have not been found for any bacterial sRNA. The modes of sRNA target mRNA interactions are schematically summarized in [Figure 1](#F1){ref-type="fig"}.

tRNA-Derived Fragments
======================

Recently, it has been discovered that eukaryotes contain small RNAs that are derived from tRNAs (tRNA-derived fragments, tRF). Initially, it was thought that tRFs are simple degradation products with increased stability, but now it is clear that they fulfill specific regulatory functions in many biological processes (reviewed in ref. [@R22]), e.g., cell proliferation,[@R95] in protein biosynthesis, and in the siRNA and miRNA pathway.[@R96] In accordance with their regulatory roles, the processing of tRNAs to tRFs is itself regulated and is induced under specific conditions, e.g., stress application.[@R97]^,^[@R98]

Subsequently, tRFs were also identified in bacteria and archaea. In archaea, the existance of tRFs has been reported for several species of *Pyrobaculum*[@R99] and *H. volcanii*.[@R42]^,^[@R100] In *H. volcanii*, tRFs could be observed from 11 of the 51 tRNAs using RNA-Seq, and their existence could be verified using northern blot analyses.[@R42] In another study, all small RNAs that could be co-isolated with ribosomes were identified by RNA-Seq.[@R100] Twenty-six percent of the co-isolated sRNAs were tRFs, indicating that tRFs can directly or indirectly be associated with the ribosome. The tRFs of the tRNA-Valine (tRF\[Val\]) were the most prominent co-isolated small RNAs. It could be verified by density gradient centrifugation and in vitro binding studies that tRF(Val)directly binds to the small ribosomal subunit. Furthermore, using an in vitro translation system, it was shown that binding of tRF(Val) to the ribosome inhibits translation. In addition, it was revealed that the generation of tRF(Val) from the tRNA(Val) was highly induced under specific stress conditions, e.g., alkaline stress.[@R100] Taken together, these results show that tRFs can potentially fulfill regulatory functions not only in eukaryotes, but also in archaea.

CRISPR RNAs in Archaea
======================

In prokaryotes, one family of sRNAs, the CRISPR RNAs (crRNAs), play a key role in the defense against foreign DNA, e.g., viruses or conjugative plasmids. Genomic CRISPR arrays were discovered 1987 in *E. coli*.[@R101] The term CRISPR is an acronym for "clustered regularly interspaced short palindromic repeats,"[@R102] and as such, CRISPR loci are characterized by series of short repeated DNA sequences interspaced by unique spacer sequences. These spacers can represent foreign DNA elements that have been acquired at the promoter-proximal position of a CRISPR array. The CRISPR elements are transcribed and processed into small CRISPR RNAs, which contain a single spacer element flanked by repeat RNA fragments. These spacer sequences can guide a complex of CRISPR-associated (Cas) proteins to cDNA targets. This allows the detection of a repeated exposure to foreign DNA, which can subsequently be degraded by this interference ribonucleoprotein complex. Thus, CRISPR and Cas proteins represent an adaptive immune system, which follows rules of Lamarckian evolution.[@R103] Different CRISPR-Cas systems exist with a plethora of Cas protein families that highlight functional differences (e.g., recognition of DNA or RNA) and the co-evolution of CRISPR and anti-CRISPR systems in prokaryotes and viruses.[@R104]^,^[@R105] The diversification of Cas proteins is most obvious for crRNA maturation endonucleases and large subunits of the interference complex.[@R106]^,^[@R107] The biogenesis of CRISPR RNA molecules and the mechanisms of CRISPR-Cas interference have been reviewed in detail before (e.g., refs. [@R108]--[@R110]). A comparison of bacterial and archaeal CRISPR systems reveals that the latter contain (1) more and longer CRISPR systems, (2) a more diverse Cas protein landscape, and (3) more often a constitutive production of crRNAs. However, these observations also correlate with an increasingly hot environment, which is most often reserved for thermophilic or hyperthermophilic archaeal organisms. It remains to be analyzed if extreme growth conditions limit the diversity of host/virus interactions, which results in an accelerated evolution of defense and counter-defense measures.

Future Aspects
==============

As summarized above, in recent years, a plethora of sRNAs have been found in any archaeal species that has been studied, and their importance for many different biological processes has been elucidated. Notably, first identifications of mRNA targets of sRNAs has led to the discovery of mechanisms of action unprecedented in prokaryotes, i.e., a dual-mechanistic sRNA that is a cis-antisense sRNA and a trans-acting sRNA at the same time, and a few sRNAs that act via binding to the 3′-UTR. Nevertheless, knowledge about archaeal sRNAs is lacking behind knowledge obtained with bacteria and eukaryotic sRNAs, and the following developments seem to be important for the near future.

Until now, the genome-wide prediction of sRNA targets has been successful for *M. mazei* in combination with genetic approaches, but not for other archaea. The experimentally identified targets should be used to train bioinformatic prediction programs with the aim to develop reliable high-quality predictions, possibly in an iterative exchange between experimental results and bioinformatic improvements. The results with *M. mazei*, *H. volcanii*, and *S. solfataricus* show that a domain-wide "archaeal" prediction program will not be possible, but several attempts for different groups of archaea are necessary.

Molecular analysis of a significant number of sRNA--target mRNA pairs will be necessary to understand the modes of actions and to enable generalization of principles. In *E. coli* and *Salmonella*, a dual plasmid system with a reporter gene (carrying UTRs and modified versions thereof) on one plasmid and the cognate sRNA gene on another plasmid has been proven to be extremely useful (e.g., refs. [@R111]--[@R114]). Equivalent systems should be developed for several species of archaea to allow detailed analyses of sRNAs and motifs within UTRs of target mRNAs in vivo.

It is currently unknown whether and which proteins are required for the regulatory functions of sRNAs. In *H. volcanii*, the Lsm protein has been shown to bind a small subset of the existing sRNA pool, but it is unclear whether this is important for function or whether other sRNAs need different proteins or regulate solely at the RNA level. Methods for the affinity isolation of sRNAs and/or regulated mRNAs would be desirable to enable the identification of interaction partners.

It has been shown for many sRNAs that their levels are very different under various growth conditions. However, the regulation of sRNA generation and decay has not been studied yet, neither for sRNA genes with an own promoter, nor for sRNAs like tRFs that are processed from a longer precursor.

In summary, significant progress has been made in recent years concerning the presence and distribution of sRNAs in archaea, their biological functions, and initial successes have been made in target identification and characterization of sRNA--target RNA interactions, but it is also clear that considerable further work is needed to deepen our understanding of archaeal sRNAs and their regulatory networks.
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